ABSTRACT: Reef-associated landforms are coupled to the health of the reef ecosystem which produces the sediment that forms and maintains these landforms. However, this connection can make reef-fronted coastlines sensitive to the impacts of climate change, given that any decline in ecosystem health (e.g. decreasing sediment supply) or changes to physical processes (e.g. sea level rise, increasing wave energy) could drive the sediment budgets of these systems into a net erosive state. Therefore, knowledge of both the sediment sources and transport mechanisms is required to predict the sensitivity of reef-associated landforms to future climate change. Here, we examine the benthic habitat composition, sediment characteristics (composition, texture, and age), and transport mechanisms and pathways to understand the interconnections between coastal morphology and the reef system at Tantabiddi, Ningaloo Reef, Western Australia. Benthic surveys and sediment composition analysis revealed that although live coral accounts for less than 5% of the benthic cover, coral is the dominant sediment constituent (34% on average). Sediment ages ( 238 U/ 230 Th) were mostly found to be thousands of years old, suggesting that the primary sediment source is relic reef material (e.g. Holocene reef framework). Sediment transport across the lagoon was quantified through measurements of ripple migration rates, which were found to be shoreward migrating and responsible for feeding the large shoreline salient in the lee of the reef. The derived sediment fluxes were comparable with previously measured rates of sediment production by bioerosion. These results suggest that sediment budgets of systems dependent on old (>10 3 years) source materials may be more resilient to climate change as present-day reef health and community composition (i.e. sources of 'new' carbonate production) have limited influence on sediment supply. Therefore, the vulnerability of reef-associated landforms in these systems will be dictated by future changes to mechanisms of sediment generation (e.g. bioerosion) and/or physical processes.
Introduction
The sediment that forms tropical beaches along coral reef coastlines is primarily derived from the calcium carbonate skeletal remains of organisms living within the diverse sub-reef environments (Harney et al., 2000) . As a result, coastal landforms in reef environments (e.g. reef islands or shorelines in the lee of fringing reefs) are particularly sensitive to any ecological transitions that modify reef community composition as this will directly impact the source and supply of sediment to these formations (Perry et al., 2011 (Perry et al., , 2015 . Given that reef-dwelling organisms (e.g. coral, crustose coralline algae, molluscs, etc.) break down into characteristic shapes and sizes (the 'Sorby principle'; Sorby, 1879) , it is the length of time between the death of these organisms and when they are broken down to transportable-sized (i.e. sand-sized) material, the hydraulic characteristics of this material (i.e. durability, shape, density), and the timescales and mechanisms of sediment transport that will determine the sensitivity of reef-associated landforms to ecological community shifts.
Comparing the modern benthic community with the spatial distribution of sediment constituents can provide insights into transport pathways through the system and ecologicalsedimentary links between sediment sources and sinks (Yamano et al., 2000; Perry et al., 2015; Hamylton et al., 2016) . For example, these data can identify key sediment producing regions and/or organisms that are key to landform development and maintenance (Kench, 1997; Yamano et al., 2000; Dawson et al., 2012; Morgan and Kench, 2016b) . Investigations into the links between reef ecology and reefassociated landforms have relied upon radiometric dating of specific sediment constituents and/or bulk sediment samples to understand timescales of transport (Harney et al., 2000; Yamano et al., 2000 ; Dawson et al., 2012) . For example, radiocarbon ( 14 C) dating of large benthic foraminifera has shown that transport from source (reef flat) to sink (reef island) can occur relatively quickly (i.e.~60 years) (Yamano et al., 2000; Dawson et al., 2012) . In contrast, 14 C dating of bulk sediment samples (i.e. all sediment constituents) from a fringing reef system in Hawaii showed that surface sediments throughout the system were older (1000s of years), thus suggesting longer timescales of transport from source (forereef) to sink (beach) (Harney et al., 2000) . Uranium-series dating (U-Th) has also been used to determine the age of coral pieces from core material in fringing reefs (Collins et al., 2003) as well as stormdeposited coral boulders (Lau et al., 2016) . However, radiometric dating provides little understanding of the sediment transport mechanisms (e.g. bedload or suspended load, storminduced versus fair-weather wave driven) responsible for the observed age distributions and inferred transport pathways. These data need to be supplemented by observations of the relevant physical processes (i.e. waves and currents), and ideally, direct measurements of sediment transport, to fully understand the linkages between reef ecology and shoreline morphology.
Suspended sediment transport has been studied in detail in reef environments as increased turbidity negatively impacts corals by decreasing the light availability and/or smothering them with sediment (Rogers, 1990; Storlazzi et al., 2015) . However, lagoon and beach sediment tends to be medium-sized sand (Kench, 1997; Kench, 2014, 2016b ) and therefore, is unlikely to be suspended by typical mean currents. Bedforms are also common in these lower energy environments (e.g. lagoon and back reef), which suggests bedload transport may dominate in these areas (Storlazzi et al., 2004; Cuttler et al., 2017) . Direct measurements of sediment transport (both bedload and suspended load) in reefs has relied upon the use of sediment traps (Kench and Mclean, 2004; Storlazzi et al., 2004; Morgan and Kench, 2014) . However, where bedforms are present, migration rates can be used to calculate bedload sediment flux (Traykovski et al., 1999; Becker et al., 2007) .
Linking reef ecology to sediment transport processes and geomorphic development is critical to determining the longterm evolution and resilience of reef-fringed coastlines and other reef-associated landforms (Morgan and Kench, 2014; 2016a , 2016b Perry et al., 2015) . Reef-associated landforms can face significant risk of erosion from sea level rise, which will increase wave transmission across reefs and therefore increase the wave energy reaching the shoreline (Grady et al., 2013; Quataert et al., 2015; Cheriton et al., 2016) . However, sediment supply has been suggested to be a dominant control on geomorphic development in some systems (Woodroffe et al., 2007) . Identification and quantification of the links between reef ecology and coastal geomorphology can be determined from a carbonate sediment budget analysis, which requires measurements of the biological production of calcium carbonate, the residence time of this material within temporary sinks (e.g. lagoon and/or beach), and accurate measurements of the sediment fluxes between the source and sinks (Harney and Fletcher, 2003; Morgan and Kench, 2014) . Previous carbonate sediment budgets have highlighted that reef islands and platform deposits act as temporary sinks of sediment, whereas material exported offshore can provide substrate for reef progradation (Morgan and Kench, 2014) . Furthermore, sediment supplied to the beach in a fringing reef system can be 'old' (of the order 1000s of years) material that has been stored within the lagoon and reef channels (Harney et al., 2000; Harney and Fletcher, 2003) . Further quantification of these ecological-geomorphic links is key to understanding how future shifts in reef ecology will affect reef-associated landforms and coastlines (Perry et al., 2011) .
Few studies have linked the reef ecology and age of the active sediment reservoir (i.e. sediment source) with direct observations of sediment transport to explain the coastal morphology of reef environments. Here, we assess the relationship between the modern benthic ecology of a reef with the sediment composition, radiometric ages of the key sediment constituent (coral), and sediment transport measurements to understand the timescales and mechanisms of development of a shoreline salient at Ningaloo Reef, Western Australia. With net reef accretion rates rapidly declining at many sites globally (Perry et al., 2013; Perry and Morgan, 2017; Eyre et al., 2018) and coastal erosion risk for reef-lined coasts increasing (Harris et al., 2018) , understanding the relationships between ecological processes (e.g. community composition, mechanisms of sediment generation), geological processes (e.g. sediment provenance, age of the active sediment reservoir), and physical processes (e.g. sediment transport rates/fluxes) is vital to predict the impacts of climate change on reef-associated landforms.
Data and Methods

Study area and field studies
Ningaloo Reef is Australia's largest fringing reef, stretching 270 km south from Australia's North West Cape (Figure 1(a) ). Ningaloo typically has a steep (~1:20) forereef slope, a relatively narrow reef flat (100 s of metres), and a wide (1 to 5 km) but relatively shallow (less than 5 m deep) lagoon (Collins et al., 2003) . The study area, located at the northern extent of Ningaloo Reef at Tantabiddi (Figure 1) , is marked by the presence of a shoreline salient inland from the reef flat. Salients and other accretionary coastal landforms (e.g. dunes, tombolos, cuspate forelands) are common features along the entire stretch of Ningaloo Reef as well as reef-fronted areas of the greater Western Australian coastline (Sanderson and Eliot, 1996; Sanderson, 2000) .
The field data presented here were collected between August 2013 and June 2016, through several field experiments and surveys aimed at understanding the timescales and mechanisms linking sediment generation on the reef to development of the shoreline salient. In August 2013, field activities included collection of surficial sediment samples spanning the range of sub-reef environments at Tantabiddi (e.g. forereef, reef flat, lagoon, and beach). These samples were used to determine sediment grain size, composition, and age. Benthic habitat surveys were collected in July 2014 for the reef flat and lagoon and in June 2016 for the reef crest and upper forereef (max~11 m depth). These data were used to map the spatial coverage of reef calcifiers. Lagoon hydrodynamics and ripple migration rates (a proxy for bedload transport) were collected between May 2016 and June 2016. These data were used to quantify the sediment transport mechanism supplying sediment to the beach and salient.
Habitat data
To quantify the spatial coverage of modern reef calcifiers, diverrecorded video transects were conducted at 15 locations encompassing the range of sub-reef environments (e.g. reef crest, reef flat, and lagoon; Figure 1 (c), green lines). At each location, five 50 m transects were recorded~0.5 m above the bed. Twenty images were randomly extracted from each video transect and imported into Coral Point Count with Excel Extensions (CPCe) to determine percentage cover of individual benthic organisms (Kohler and Gill, 2006) . CPCe allows for randomization of percentage cover analysis by automatically generating a user-defined number of points within an image; the benthic organisms at the random points are then identified.
REEF TO SHORELINE SEDIMENT CONNECTIONS
Ten points were generated within each photo, yielding a total of 15 000 identification points. The organisms were grouped into 10 categories to determine percentage cover of the main calcifying organisms: coral, gorgonian, sponge, mollusc, macroalgae, dead coral with algae, coralline algae, echinoid, sand/pavement/rubble, and unknown. Although this technique is unable to identify or account for spatial distributions of cryptic fauna or sand-sized secondary calcifiers (e.g. molluscs or foraminifera), it does capture the spatial distribution of primary calcifying organisms (e.g. coral and coralline algae) as well as other key data that are required for habitat classification.
Sediment constituents, radiometric dating and provenance
To determine the spatial distribution of sediment texture (grain size, sorting, and skewness) and composition, sediment samples were collected from 57 locations across the study site (3 forereef, 16 reef flat, 24 lagoon, 10 channel, 4 beach; Figure 1c ). Approximately 500 g of sediment was collected from the top 5-7 cm of the seabed at each site (Cuttler et al., 2017) . Standard wet sieve analysis was used to isolate gravel (>2 mm), sand (0.063-2 mm), and fine fractions (<0.063 mm). Hydraulic properties of sand-sized sediment (0.063-2 mm) previously reported (Cuttler et al., 2017) were converted to equivalent grain size distribution using Gibbs et al. (1971) and a sitespecific sediment density of 2580 kg m -3 (Cuttler et al., 2017) . These values were then combined with sieve results for the gravel fraction to determine the entire grain size distribution (Morgan and Kench, 2016b) . Grain size statistics were calculated following the graphical techniques of Folk and Ward (1957) . Sub-samples from the sand fraction at 35 sites were embedded in epoxy and then thin-sectioned. Composition was determined by identifying a minimum of 300 grains using a petrographic microscope (Cuttler et al., 2017) . Sediments were categorized as coral, coralline algae (CCA), foraminifera, mollusc, echinoderm, quartz, lithogenic, and other.
Coral sediment from eight locations (Figure 1(c) , red triangles) throughout the reef system were dated using the uranium-series isotope decay method ( and Mortimer, 2008) . Coral sediment for radiometric dating was extracted from the 0.25-0.5 mm sieve fraction using a binocular microscope to select individual grains. This size fraction was used because it includes the median grain size (a common metric used for sediment transport studies) of each sample. Small sample sizes (≤ 50 mg) were used in order to minimize the number of grains contributing to each date (Harney et al., 2000) . Lithogenic and quartz components were excluded by the weak acid dissolution procedure (McCulloch and Mortimer, 2008) , however, because the samples analysed contained tens to hundreds of individual grains, we cannot exclude the possibility that minor quantities of other carbonate-based organisms were present. Thus, the U-series (coral) sediment ages represent the 'time of death' or 'provenance age' of these sediment but not necessarily when they were 'released' as transportable sediment nor their time of deposition. Therefore, these data were used to identify the coral sediment provenance and to gain both a qualitative and semi-quantitative understanding of the pathways and timescales of sediment transport.
To gain more insight into the age variability at specific locations, samples from coarser size fractions were also dated ( Table I ). The coarse fraction samples were selected either from the 0.5-1 mm or larger than 2 mm sieve fractions. Samples from the 0.5-1 mm sieve fraction represent average ages (similar to sand fraction samples described above), whereas ages determined from the larger than 2 mm fraction are based on individual coral clasts (Table I) .
Statistical and spatial analysis
Spatial interpolations of sediment texture (mean size and sorting) and composition were constructed in ArcGIS v10.3 using ordinary kriging methods. Statistical analysis of benthic cover and sediment composition and texture was conducted using the Fathom toolbox for Matlab (Jones, 2015) to determine habitats and biosedimentary facies at Tantabiddi. Agglomerative hierarchical cluster analysis was conducted using the unweighted pair group method with arithmetic mean. For habitat identification, a Bray-Curtis (BC) dissimilarity matrix of square-root transformed benthic cover data was used for cluster analysis. For determining biosedimentary facies, a BC matrix of square-root transformed sediment texture (mean and sorting) and sediment composition was used (Kench, 1997; Morgan and Kench, 2016b) . Dissimilarity profile analysis (DISPROF) was used to identify statistically significant, unique habitats and facies from the resulting dendrograms (Clarke et al., 2008; Legendre and Legendre, 2012) . DISPROF is equivalent to similarity profile analysis (SIMPROF) proposed by Clarke et al. (2008) , however, DISPROF is based on dissimilarity measures. Both analyses provide an objective method for identifying members of 'real' groups present in the results from clustering analysis (Jones, 2015) .
Shoreline sediment supply: bedform migration rates and lagoonal hydrodynamics Sand ripples (~0.1 m height and~0.5 m wavelength) are a common feature throughout the lagoon at Tantabiddi (Cuttler et al., 2015 (Cuttler et al., , 2017 (Figure 2 ). To quantify ripple migration rates, which are assumed to be a proxy for bedload sediment flux, two instrument arrays were deployed in the inner lagoon on the north (~3.5 m depth) and south (~2.5 m depth) sides of the salient for 3 weeks between May and June 2016 ( Figure 1c , blue triangles; Figure 2 ).
Two echosounders (EofE Ultrasonics EchoLogger EA400) were mounted to each instrument quadpod in the lagoon (Figure 2 ). One echosounder was oriented vertically (downward looking) to record changes in the sea floor height due to ripple migration directly below the quadpod. The second echosounder was mounted~10°below horizontal and oriented perpendicular to ripple crests (which maintained a consistent morphology and orientation over the 4-week deployment) to measure ripple migration rates (Figure 2(a) ). Each echosounder recorded 500 measurements at 2 Hz each hour; return intensity was recorded in 7.5 mm bins with the transmit range for each acoustic pulse set to 10 m and 2 m for the near-horizontal and vertical instruments, respectively. Acoustic returns were averaged over the 500 hourly samples in each bin and then the bed elevation (vertical sensor) and the ripple crest locations (near-horizontal sensor) were extracted. For the vertical sensor, the 'bottom' was defined as the bin with the maximum return amplitude of the hourly average. For the near-horizontal sensor, the hourly-averaged return from each 7.5 mm bin was first projected onto the horizontal coordinate plane and then normalized by the time-averaged return over the entire deployment for the corresponding bin (to remove the distance dependent variation in the return signal due to the grazing angle of the transmitted acoustic pulse; Figure 2(c)). Next, the locations of peaks in the return signal (i.e. local maxima corresponding to the ripple stoss side) were determined for each hour. The locations of peaks from successive hours were then crosscorrelated and the lag distance yielding the highest correlation was identified. Finally, this lag distance was used to calculate migration rate by multiplying the lag distance by bin size to convert to migration distance and then dividing by time (i.e. 1 hour).
Assuming that ripple migration equates to bedload transport, the cumulative bedload sediment flux due to ripple migration (M ripple ) was calculated following Traykovski et al. (1999) : 
where ρ s is sediment density (2580 kg m -3 ) (Cuttler et al., 2017) , ε is the porosity (packing) of bed sediment (assumed 0.35) (Sleath, 1984) , ζ is the instantaneous ripple elevation (from the vertical echosounder), V m is the migration rate, and t is time.
Co-located observations of wave height, water level, and velocity were measured continuously at 1 Hz for 2400 seconds each hour at each quadpod site for the duration of the study period by a downward-looking Nortek Aquadopp HR (~1 m above bed; 60 mm bin). Incident (i.e. offshore) waves were simultaneously measured by an acoustic wave and current profiler (Nortek AWAC) deployed in 20 m depth offshore of the reef crest. The tidal component of the water level for each burst was removed using a linear trend. Spectral properties of the sea surface elevation were estimated from Fourier transforms of the 2400 s, de-tided pressure data segments collected each hour and block averaged using a Hamming window (2048 samples) with 75% overlap, yielding 9 degrees of freedom (Thomson and Emery, 2014) . Hourly significant wave heights were estimated from the variance of sea surface elevation in the sea-swell (SS; 0.04<f<0.2 Hz) and infragravity (IG; 0.003<f<0.04 Hz) energy bands (H sig,SS and H sig,IG , respectively). Velocity measurements were rotated into the local cross-shore (u) and alongshore (v) directions, with the cross-shore direction oriented perpendicular to the ripple crests and positive directed towards the shoreline (i.e. onshore); velocity profiles were depthaveraged, and then hourly-mean velocities were calculated.
Results
Spatial distribution of reef calcifiers, sediment texture, and sediment composition Four unique habitat types were identified at Tantabiddi via DISPROF analysis (Pi = 0.07, P<0.05) (Figure 3 ): a coralcoralline algal dominated area found on the forereef slope (C-CCA), a macroalgal-coralline algal pavement located on the reef flat (MA-CCA), a sand dominated lagoon, and a small, isolated coralline algae-coral (CCA-C) area at the northern extent of the study area. Benthic cover across all transects was dominated by a combination of crustose coralline algae (CCA; 20 ± 5% [mean ± 1 standard error]), macroalgae (primarily Sargassum sp., 46 ± 5%), and sand (28 ± 6%). The lagoon (green lines, Figure 3 (a)) was sand dominated (52 ± 9.5%), whereas CCA was a significant benthos (23 ± 5%) along the lateral channels and on the outer reef flat (i.e. areas of higher wave energy; blue lines, Figure 3(a) ). Coral cover was low across the study area, accounting for less than 5% of the total benthic cover (when averaged over all transects) and no more than 20% within areas containing live coral (i.e. the forereef slope and northern channel; red and magenta lines, Figure 3a) . The sediment across the study site was predominantly sandsized, with silt-sized or smaller material (<0.063 mm) accounting for less than 3% at all sites. Percentage of gravel-sized material (>2 mm) decreased with increasing distance from the reef crest. Mean grain size decreased from the reef flat (0.5 mm on average) towards the lagoon (0.39 mm on average) and from the lagoon towards the lateral channels (0.28 mm on average; Figure 4(a) ). Although sediment on the southern side of the lagoon was slightly coarser (0.4 mm on average) than the northern side (0.3 mm on average), grain size variation was limited throughout the lagoon, with the majority of deposits classified as medium sands (Figure 4(a) ). Sorting exhibited similar patterns to grain size, with sorting values decreasing with increasing distance from the reef crest (note, smaller values of sorting equate to deposits being more 'well' sorted). Deposits varied from moderately to poorly sorted, with the highest degree of sorting observed near the southern lateral channel (Figure 4(d) ).
Although coral accounted for less than 5% of the benthos, coral was the dominant sediment constituent (34 ± 2%). Significant amounts of sediment were also derived from CCA (20 ± 1%) and molluscs (18 ± 1%; Figure 4 ). Quartz (15 ± 3%) was only significant in small regions near the shoreline at the southern and northern channels, and the percentage of quartz decreased with increasing distance from the shoreline (Figure 4(e) ). The DISPROF analysis showed only two significant groupings (Pi = 7.19, P<0.05) for bed sediment, which were primarily differentiated by the percentage of quartz. Thus, there are limited compositional differences between sediment from the reef crest, reef flat, lagoon, and beach ( Figure 5 ).
Sediment ages
Uranium-series ages of coral sediment (reported as thousands of years before present, or ka BP) cover an unexpectedly large range, from modern to significantly older ages (0.070 to 20 ka BP) ( Figure 6 , Table II ). Although having a large range, these ages meet the criteria of high reliability as their initial δ 234 U values fall within the narrow range of 148±3, which is essentially the same as the reference seawater value, δ 234 U =146±1 (McCulloch and Mortimer, 2008) . This indicates that there has been minimal disturbance of the U-series system due to loss or gain of U during diagenesis.
The spatial distribution of sediment ages is primarily related to the sub-reef environment, with the forereef (10 m depth) including sediment of both modern (0.07 ka BP) and old ages (3 ka BP), lagoon sediments ranging from 1.5 to 5 ka BP, and the nearshore sediments being older than 15 ka BP (Figure 6 ). Coral sediment age increased along a typical flow pathway from the outer reef flat to the channel on both sides of the salient. For example, outer reef flat sands were dated to~1.5 ka BP whereas southern channel sands were~5 ka BP and northern channel sands were~15 ka BP ( Figure 6 ). Although there was limited age variability between size fractions for the outer reef flat and lagoon sites (~300 years), the forereef samples indicated two distinctive age populations related to grain size, with coarse material being young (0.07 ka BP), and sand-sized material being old (~3 ka BP) ( Figure 6 , Table II ).
Lagoon hydrodynamics and ripple migration rates
Mean currents near the salient were weak (mean magnitude 0.04 m s -1 ) and directed towards the channels (Figure 7 (a), yellow arrows), which is consistent with existing mean flow dynamics in fringing reef environments (Lowe et al., 2009 ) and previous studies of the Tantabiddi study site Pomeroy et al., 2018) . Incident wave heights (H sig,SS ) varied from~1 m to 3 m, with four swell events (H sig,SS > 2 m) occurring during the 3-week deployment (Figure 7(b) ). Local wave heights at the nearshore instrument arrays were significantly smaller than the incident waves at the forereef (H sig,SS 0.5 m compared with 2-3 m) and were tidally modulated, with larger waves occurring during higher water levels on the reef crest (Figure 7(c) ).
Ripple migration rates ranged from -0.72 to 2.52 m day ) at the south and north quadpods, respectively. Despite the variable migration rates and local wave conditions, the geometry of the ripples showed insignificant changes (small decrease in amplitude to~0.07 m; Figure 8(b) ) throughout the experiment. Ripple crests, however, were oriented so that migration was aligned with the mean sea-swell wave direction (shore normal) and approximately 90°to the mean currents (Figure 7 
Discussion
The data presented here have highlighted three key findings: (1) despite coral being the most prevalent constituent of the sediment reservoir, live coral cover is low (<5%, averaged over all surveys); (2) the contemporary sediment reservoir is dominated by 'old' (≥ 1.4 ka BP) sediment likely derived from bioerosion of the reef framework; and (3) shoreward migrating ripples are a key mechanism of sediment delivery to the shoreline. Together, these findings suggest that reef systems such as Ningaloo, may be more resilient to climate change threats 
Sediment provenance
Previous studies have shown that it is possible for the sediment reservoir of a reef system to contain disproportionately less of a Figure 9 . Cross-shore schematic linking sediment ages to mechanisms of sediment generation and transport across the sub-reef environments (symbols modified from libraries provided by the Integration and Application Network, University of Maryland Centre for Environmental Science, ian. umces.edu/symbols/). Shoreline accretion rates are from Cuttler et al. (2018) , bioerosion rates are from Langdon (2012) , and bedload transport rates are from this study. specific organism than what would be inferred from benthic surveys. For example, small amounts of coral within the sediment pool have been reported despite coral dominating the benthic habitats (Chevillon, 1996; Harney et al., 2000) . However, here, we show the opposite with coral being the primary sediment constituent (34% on average) but nearly absent from the live benthic community (less than 5%). This disparity could be due to a variety of reasons, including a spatial disconnect from the source (e.g. coral-rich sediment is transported into the system) or a temporal disconnect from the source (e.g. contemporary sediment is eroded from 'old' material). It is unlikely that the sediment at Tantabiddi was imported from adjacent reef sections with higher coral cover given the dominant circulation patterns (i.e. limited alongshore transport; Figure 6 ), the predominance of older age determinations, and the lack of high coral cover immediately adjacent to the study site. For example, regional hyperspectral data has shown that northern Ningaloo Reef has generally low coral cover (~8%) and that the closest area of 'high' coral cover (~40%) is~40 km to the south of the study site at Osprey Bay (Langdon, 2012; Kobryn et al., 2013) . Given the spatial distribution of coral sediment ages ( Figure 6 ; Table II), it is evident that there are multiple sources of coral sediment to the Tantabiddi reef system, each having a distinct age range. First, the source of the modern (0.07 ka BP), gravel-sized material found on the forereef is likely from the limited live coral on the reef crest and forereef slope (Figure 3) . Once converted to sediment (e.g. due to mechanical erosion or bioerosion), this material is likely transported down slope and deposited deeper onto the forereef (Figure 9 ) where it has limited ability to contribute to the lagoon sediment reservoir due to its grain size and the steep forereef slope. The older (3 ka BP), sand-sized material found on the forereef is likely derived from bioerosion of the reef framework (see below) but is also disconnected from the lagoon sediment reservoir (and thus the salient) due to the limited ability of hydrodynamic processes to transport material up the steep forereef slope. Although forereef sediment is likely disconnected from the salient, it can provide substrate for future reef progradation Kench, 2014, 2016a) .
The source of the 1.5 to 5 ka BP and >15 ka BP sediment in the lagoon and nearshore, respectively, is not immediately obvious. However, when considering the nearshore geology (Wyrwoll et al., 1993) and the growth history of Ningaloo Reef (Collins et al., 2003; Twiggs and Collins, 2010) , the most likely sources are the Holocene reef framework (contributing sediment aged from~1 to 5 ka BP) and the Last Interglacial reefs that outcrop nearshore (contributing sediment aged from 110 -120 ka BP). The oldest sediment U-Th ages (15.7 and 19.3 ka BP) are likely an artefact of the sampling procedure, with 'bulk' sediment aliquots (i.e. 10s to 100 s of grains) producing average ages from a mixture of young (<5 ka BP) and Late Quaternary (~110 -120 ka BP) coral sediment. Late Quaternary (~110 -120 ka BP) reefs outcrop along the shoreline (e.g. white boxes, Figure 6 ) and underlie most of the Holocene reef accretions (Wyrwoll et al., 1993; Stirling et al., 1995; Collins et al., 2003; Figure 9) . When eroded, these relic reefs would contribute Last Interglacial material to the lagoon that, when combined with younger (e.g. 1 to 5 ka BP) sediment could yield anomalous intermediate ages, as determined for the nearshore (~16 ka BP) and beach (~19 ka BP) sediment at Tantabiddi (Figure 6 ). Furthermore, there is no evidence of 20 ka BP material in previously collected cores from the study site, which showed Holocene material (<7 ka BP) to be deposited directly above Pleistocene material (>100 ka BP) (Collins et al., 2003) . Also, at~20 ka BP, during the Last Glacial Maximum, sea level was at least 100 m below present sea level (Lewis et al., 2013) , thus coral debris eroded during this time likely remains stored several kilometres offshore with limited mechanisms of delivery to the modern lagoon and shoreline.
The other source of coral sediment to the contemporary sediment reservoir is the reef framework itself. Ningaloo Reef grew over the last~8000 years (Twiggs and Collins, 2010) with rapid reef build up ceasing~5.8 ka BP when sea level was approximately 1 to 2 m higher than present. During this phase of development, benthic cover was dominated by reef-building corals (Collins et al., 2003; Twiggs and Collins, 2010) . After this sea level highstand, reef evolution at Ningaloo was characterized as 'detrital build-up and aggradational' as sea level fell to present levels and the reef back-stepped (seaward) to its present location (Twiggs and Collins, 2010) . During this stage, increased erosion (due to bioerosion and increased wave exposure as sea level dropped) likely generated sediment that would have been incorporated into the reef framework and/or deposited in the lagoon, which would represent ages reflecting the time of death of the coral organisms (e.g.~1.5 to 5 ka BP). Therefore, there are at least three distinct sources of coral-rich sediment to the contemporary sediment reservoir at Tantabiddi: (1) modern coral that is currently living on the forereef slope and reef crest; (2) the reef framework itself; and (3) the late Quaternary reefs that outcrop nearshore and underlie the Holocene reef accretion.
Sediment supply and transport
Neither the spatial distribution of grain size (i.e. fining towards shore from the reef crest and then from the lagoon towards the lateral channels) nor the mean circulation patterns suggest transport directions that agree with the long-term accretion of the salient that has been observed from~50 years of historical aerial photography . Accordingly, another mechanism must be responsible for sediment delivery to the shoreline. Rouse (1937) numbers (P) are commonly used for predicting sediment transport mode (i.e. suspended load versus bedload), where P is the ratio of the settling velocity of the sediment to the shear velocity of the overlying flow. Previous calculations of P from the settling velocities of bed sediment (Cuttler et al., 2017) and recent observations of reef flat-bed shear stresses have both suggested that bedload transport is the primary sediment transport mode across the reef flat and through the Tantabiddi lagoon. Our observations indicate that mean currents in the lagoon are weak (~0.01 and 0.03 m s -1 on average at the north and south quadpods, respectively) whereas wave orbital velocities are an order of magnitude larger (0.11 m s -1 on average at both sites). Therefore, skewed wave orbital motions are likely responsible for mobilizing and transporting coarser material in the lagoon towards the beach and salient, whereas mean currents are likely responsible for distributing the suspended material (e.g. suspended by wave-driven or biological processes) around the larger-scale reef system and thus, consistent with the overall increase in sediment age towards the channels (Figure 6 ).
The ripple crests were perpendicular to the coastline and orientated in line with the local mean sea-swell wave direction (Figure 7) . Ripples have been shown to orient themselves so as to maximize transport rate (Gallagher et al., 1998) , suggesting that the local direction of wave orbital driven bedload transport is determined by wave refraction around the reef edges and into the lagoon. Although our observations were primarily collected during fair-weather conditions, multiple swell events (H sig,SS > 2 m) were measured and these results indicate 561 REEF TO SHORELINE SEDIMENT CONNECTIONS that shoreward sediment flux (ripple migration rate) increased with increasing wave heights (Figure 7) . Bedforms have been shown to 'wash out' under strong forcing conditions (e.g. storm conditions) (van Rijn, 2007) and, therefore, ripple migration may only be a key process of sediment delivery to the salient during fair-weather conditions. Recent observations and numerical simulations of a tropical cyclone impact at the study site showed that the large cyclone waves (offshore H sig,SS = 6 m) were dissipated at the reef crest, thus, limiting lagoon wave heights to less than 1.5 m. Numerical results from Cuttler et al. (2018) indicated that during the cyclone, orbital velocities in the lagoon reached 0.6-0.7 m s -1 which would correspond to sheet flow for the lagoon grain sizes (0.2-0.3 mm) (Allen, 1997) . Therefore, ripple migration is likely a key mechanism of sediment supply to the salient under most incident wave conditions, and it is only for extreme events (H sig,SS ≥ 6 m) when bedforms are likely to be 'washed out'.
Implications for reef shoreline resilience
The shoreline salient has been slowly accreting for at least the last~50 years . If we assume that the volume of the lagoon sediment reservoir has not simply been decreasing over time (i.e. sediment input = 0), then sediment input rates to the lagoon should roughly equal transport rates across the lagoon (Figure 9 ). Given that the lagoon sediment is most likely derived from the reef framework (due to the scarcity of live coral), sediment generation is likely driven by bioerosion from organisms, such as urchins and parrotfish, which would produce a sediment reservoir reflecting the age of this source material (i.e. 1000s of years old).
Both parrotfish and urchins have been shown to be key sediment producers in a range of reef environments (Stearn et al., 1977; Hubbard et al., 1990; Perry et al., 2015; Morgan and Kench, 2016a) , and both taxa are prominent at shallow depths at Ningaloo (Fitzpatrick et al., 2012; Langdon, 2012) . However, for bioerosion to be responsible for generating sediment that is ultimately used to nourish the salient, this process must yield sediment of similar size to lagoon and beach sediment. For example, parrotfish have been reported to generate sediment with a mean grain size~1 to 4 mm diameter (Morgan and Kench, 2016a) , whereas urchins generate sediment that is~50% sand-sized and~50% mud-sized with a mean grain sizẽ 0.2 mm (Hunter, 1977; Hoskin et al., 1986) . Given the coarseness of parrotfish-derived sediment, it is likely that this bioeroder may contribute directly to reef flat sediment (mean grain size~0.5 mm) and to lagoon sediment after some period of time and further erosion. Urchin-derived sediment, however, is very similar in size to lagoon and beach sediment (mean grain size~0.3 and 0.2 mm, respectively) and, therefore, likely contributes directly to the lagoon sediment reservoir.
We are unaware of any measured rates of parrotfish bioerosion at Ningaloo, however, work examining urchin bioerosion along northern Ningaloo Reef (~11 urchins m -2 ) has shown that they typically erode~1 kg m -2 yr -1 (2.73 g m ) of calcium carbonate from the reef framework (Langdon, 2012) . If we assume that this rate extends to our study site and that half of the bioeroded material is turned into sand-sized sediment (Hunter, 1977) , then urchins could be responsible for generating~5.5 kg m -1 day -1 at Tantabiddi (for a reef flat length~4000 m). To prevent sedimentation of the reef flat and lagoon, this sediment production would need to be balanced by an approximately equal flux of sediment towards the shoreline, off the reef crest, out of the channels, and/or to dissolution (Sadd, 1984; Hubbard et al., 1990; Harney and Fletcher, 2003; Morgan and Kench, 2014) . The mean sediment flux derived from ripple migration rates (averaged over both the north and south sites) is 9 kg m -1 day -1 , suggesting that onshore transport is of the same order of magnitude as estimates of bioerosion in the region (Figure 9 ). Although this preliminary sediment budget estimate (Figure 9 ) does not account for other key bioeroders or other potentially key sediment transport processes, and despite our estimates for sediment transport likely representing the higher end of the annual range (i.e. measured under more energetic winter wave conditions), these results suggest that the 'old' sediment reservoir is generated on modern timescales with the shoreline salient linked to the contemporary bioeroding community but de-coupled from the live calcifying community (Figure 9) .
Coral reefs and reef-associated landforms are some of the most at risk ecosystems to the negative impacts of climate change (Kumar and Taylor, 2015; Reguero et al., 2015 Reguero et al., , 2018 Hughes et al., 2017) . For example, coral reef organisms (and thus reef-derived sediment) are sensitive to both warming ocean temperatures and decreasing ocean pH, so any changes to the reef ecological community could have negative impacts for the overall system's sediment budget (Perry et al., 2011) . Although the results presented here assumed that coral (the dominant sediment constituent) is representative of the entire sediment reservoir, CCA and molluscs together account for an equal proportion of the sediment reservoir as coral (~40%). Thus, any change in the supply of these sediment constituents (e.g. due to climate change) could have implications for the maintenance of this shoreline salient.
However, because the carbonate sediment in this system is predominantly derived from an older source material but is generated and transported to the shoreline on modern timescales, this reef-fringed coastline may be more resilient to the impacts of climate change as changes in the calcifying reef ecology may not immediately translate to declines in the sediment reservoir and coastal erosion. Furthermore, the coupling of the coastal morphology to the bioeroding community suggests that the future resilience of the sediment budget of this system will be governed by changing physical processes (i.e. sea level rise), given that a near-continuous, bioerosion-derived supply of sediment appears possible despite any future declines in contemporary reef calcifiers or other sediment producers.
Conclusions
Coral reef environments are unique in that there is a strong link between reef ecology and the sediment reservoir, however, these connections may increase the sensitivity of reefassociated landforms (e.g. reef islands or fringing reef-fronted coastlines) to changes in reef ecology. Data presented here highlights that for a section of Australia's largest fringing reef, Ningaloo Reef, the contemporary sediment reservoir is derived from multiple sources, most of which are relatively old (i.e. thousands of years). Despite this old source, the sediment reservoir is still supplied on modern timescales through active bioerosion. This sediment is then delivered to the shoreline salient at similar rates by bedload transport in the form of migrating sand ripples. Collectively, these results suggest that the sediment budget of this system may be more resilient to the impacts of climate change as declines in contemporary reef ecological health may not have immediate consequences for coastal morphology.
